The recent distribution of Russian hydrochemical data collected from the Arctic Basin provides useful information on ocean interior variabilities. Among various chemical components, silicate is the most valuable for showing the boundary between the silicate-rich Pacific Water and the opposite Atlantic Water. Here, it is assumed that the silicate distribution receives minor influence from seasonal biological productivity and Siberian Rivers outflow. It shows a clear maximum around 100-m depth in the Canada Basin. The vertical gradient below 100 m provides information on the vertical motion of the upper boundary of the Atlantic Water at a decadal time scale: i.e., the boundary shifts upward (downward), as realized by the silicate reduction (increase) at a fixed depth, responding to a more intense (weaker) Polar Vortex or the positive (negative) phase of the Arctic Oscillation. This valuable hydrochemical data set has provided a tool for verifying Arctic Ocean models with decadal responses to atmospheric variabilities.
Introduction
Sea ice distribution and atmospheric conditions have shown significant decadal variabilities:
i.e., the ice area reduced (increased) along the Russian coast, responding to a more intense (weaker) Polar Vortex and higher (lower) air temperature (Wang et al., 2000) . The atmospheric variabilities are explained by the Arctic Oscillation (AO), being positive (negative) for the more intense (weaker) Polar Vortex (Thompson and Wallace, 1998) . The suggested mechanisms include both dynamical and thermodynamical types. The dynamical effects are represented by more predominant seaward (shoreward) winds off the Russian coast during the positive (negative) AO phase (Zhang et al., 2000) .
A more sophisticated dynamical linkage involves the coupled ice-ocean system: i.e., the positive (negative) AO yields a faster (slower) Transpolar Drift Flow associated with larger (smaller) water exchange between the Arctic Basin and the Greenland Sea (Polyakov and Johnson, 2000) . More reliable observational evidence has been provided by sea ice motion in Kwok (2000) and Rigor et al. (2002) than ocean circulation. The other mechanism is a thermodynamical one, which seems straightforward being related to air temperature. The secondary thermodynamical mechanism consists of a larger (smaller) absorption of shortwave radiation through wider (narrower) open water areas in summer (Zhang et al., 2000) .
In contrary to the sea ice, it has been difficult to identify a corresponding signal in the ocean interior due to the unavailable data. Polyakov et al. (2004) have presented two cycles of multi-decadal oscillations shown in temperature and salinity. They have suggested that more Water (NOAA Atlas, 2002) . Here, we should remember the secondary effects by which silicate is transported downward due to seasonal biological productivity as well as outflow from Siberian rivers and shelves (Wilson and Wallace, 1990) . The silicate distribution in Fig.1 In section 2, the geochemical data are first introduced and analyzed with caution by means of the data quality and sparseness. Among the atmospheric data, we pay close attention to the annual mean of sea level pressure, whose variability is expected to induce wind variability, and hence, ice-ocean motion variability. The correlation between the geochemical distribution and the atmospheric circulation is quantitatively examined in section 3. The results are discussed in section 4.
Data

Geochemical data
Various kinds of data were collected in and over the Arctic Ocean at the drifting stations (North Pole Stations) by ex-Soviet observers. In addition to meteorological data, marine hydrochemical data are considered to provide useful information on the Arctic and have now become available (Hydrochemical Atlas, 2001) . Since it is difficult to infer the ocean interior through satellite data, this new data set is expected to give a new insight into oceanic responses to atmospheric variability.
The geochemical parameters may represent both bio-geochemical and physical processes of the ocean. We have decided to focus on the physical processes in this report by isolating bio-geochemical ones and to use a geochemical parameter as a tracer. A chemical oceanographer often uses a conserved value on geochemical parameters: e.g., Wilson and Wallace (1990) tried to identify a source region of the Halocline Water by distinguishing the Pacific Water and a water mass influenced by the continental shelf. In contrast, our main objective is to find out an oceanic response to atmospheric forcing at a decadal scale by tracing a more robust geochemical signal between the Pacific Water and the Atlantic Water.
We have decided to utilize silicate shown in Fig.1 , which is much higher in the Pacific Ocean The silicate data are distributed in the Arctic Ocean with high spatial and temporal inhomogeneity. We therefore aim to effectively utilize such a data set in our analysis. The horizontal distribution of the mean state is first constructed, and then, a temporal deviation from the mean state is retrieved. The mean horizontal structure at 200-m depth is constructed, in which a horizontal correlation is represented by the Gaussian function with an e-folding length of 300 km.
The influencial values are truncated at 800 km. Thus, if there is only one data point within an 800-km distance from a certain grid point, the grid point value is represented by the data point value.
Actually, at least several data points exist for each grid point. This method derives the horizontal structures shown in Fig.2 . The silicate concentration is low in the Atlantic and increases to the Canada Basin, with a distinct boundary around the Transpolar Drift Flow.
The second step is to take a deviation from this mean distribution only in the Canada Basin except for the shelf region shallower than 200 m. All available values are plotted for each year in Fig.3a , and the annual mean value is calculated. Finally, the 3-year Hanning filter is applied to the annual mean values for deducing a smoother time series of the temporal deviation.
Atmospheric data
The atmosphere in the Arctic has been known to possess an annular mode variability (Thompson and Wallace, 1998) . The most energetic mode is called the Arctic Oscillation realized as the first EOF of Sea Level Pressure (SLP) and geopotential height anomalies at higher altitudes.
Their analyses focused on the entire northern hemisphere, whereas our concern is whether the Arctic Ocean shows its responses to the atmosphere. Therefore, the analysis domain should be limited to the north of 70°N.
The SLP has been analyzed for the four seasons. The first EOFs have similar horizontal structures among all seasons with nearly annular contour lines and peaks around the North Pole (figures not shown). Therefore, we take a simpler index to be the zonal mean SLP difference between 70°N and 85°N. Its annual mean values are smoothed by the Hanning filter and plotted in Fig.3b . A decadal scale variability is visible and resembles the time series of the first EOF of the winter SLP (Thompson and Wallace, 1998) . This index derived from the SLP has a particular dynamical consequence: i.e., a positive (negative) value yields a cyclonic rotation around the North Pole. Thus, Ekman flux is outward from (inward to) the North Pole, inducing Ekman divergence (convergence).
Correlation analysis and theoretical estimate
A correlation coefficient is calculated between the annual mean of the silicate anomaly in the Canada Basin and the annual mean of the 70/85 SLP difference, which is SLP along 70°N minus 85°N. Here, the Hanning filter has been applied to both of them. The correlation coefficient is -0.45. The degrees of freedom are estimated to be 12 from the data length being 24 years. Hence, the correlation is statistically significant at a 90% level.
The negative correlation implies that less silicate, which represents the upward shift of the water column, occurred with a more intense Polar Vortex or the positive AO. A schematic view is presented in Fig.4: i.e., a more intense Polar Vortex induces the outward Ekman flux in the Canada Basin, and hence, Ekman divergence leading to an upward motion in the upper ocean. As the correlation coefficients are quite similar between 0-year lag and 1-year lag from the SLP to silicate, this response is reflected quickly.
The response is evaluated quantitatively. The 70/85 SLP variability has a range of 2 hPa (Fig.3b) , which is equivalent to the spatial feature associated with the mean SLP over the Canada Basin, as shown by Kwok (2000) . The mean state contains clockwise geostrophic winds of about 10 m s -1 . On the estimate of the mean and variable wind stresses being 0.1 Pa over the Canada Basin, the Ekman flux has a variability of 1 m 2 s -1 . Here, it is assumed that wind stresses almost fully penetrate to sea water with minor effects of ice internal stresses. Assuming that the Ekman flux occurs over a 2000-km distance, a vertical motion would be about 20 m per a year. The silicate anomaly ranges in 5 µmol kg -1 (Fig.3a) , which corresponds to a 25-m depth range on the vertical gradient in Fig.1 . Thus, the observed amplitude of the silicate anomaly at 200-m depth can be explained by the SLP anomaly continuous for a 1-year period.
Discussion
In summary, the Russian hydrochemical data collected from the Arctic Basin have been used to provide useful information on ocean interior variabilities. Silicate is used for showing the boundary between the near surface Arctic Water and the Atlantic Water in the Canada Basin.
The silicate distribution, which has a maximum at around 100-m depth, is assumed to act as a passive tracer. The vertical gradient below 100 m provides information on the upper-layer water column at a decadal time scale. The column shifted upward (downward) at the order of 20 m, as realized by silicate reduction (increase) of the order of 5 µmol kg -1 at 200-m depth, responding to a stronger (weaker) Polar Vortex or the positive (negative) phase of the Arctic Oscillation.
Previous studies have relied on the more recent data collected in a decadal period (e.g., Steele and Boyd, 1998; Smethie et al., 2000) . The hydrochemical data used in this study are extended over three decades in prior to the modern data sets. On the other hand, the data have shortcomings in relation to a larger possible size of errors due to the colorimetric method at most 2 µmol kg -1 (Hydrochemical Atlas, 2001) . However, a careful quality control carried out by the experts (Hydrochemical Atlas, 2001) and the large temporal variability up to 10 µmol kg -1 enable us to draw the reliable insight.
In this paper, no modeling result is shown, although such a model result would definitely be useful. Further studies are suggested in order to compare this new data set and a coupled ice-ocean model with atmospheric forcing so that a deeper understanding may be achieved on decadal and longer-term variabilities of the ocean interior in the Arctic Ocean. A sensible method would involve the usage of a numerical model for reconstructing the ocean interior variability over several decades and verifying model results against the hydrochemical data. Once the model results agree with the data, we can rely on the model with more confidence.
The aspect which we have not yet considered in the present study concerns the biological modification of geochemical fields. Possible biological effects include input of silicate from the Siberian Shelves and biological production under the permanent ice cover. These two mechanisms should play key roles to maintain the mean silicate structures in the Canada Basin, and influence seasonal and interannual variabilities. Once we look into more detailed depth-dependent variabilities of various geochemical components, we could expect to separate these biological effects from characteristics of a passive tracer. Fig. 1 Silicate distribution (µmol kg -1 ) in winter along the transect from the Pacific side to the Atlantic side through the Arctic Ocean (Hydrochemical Atlas, 2001) . Note that the vertical coordinate is stretched near the sea surface. The contour interval is 5 µmol kg -1 . 
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